Abstract. We previously established that multicellular ovarian cancer spheroids develop intrinsic multidrug resistance with the appearance of quiescent cell areas. p27 protein is a determinant of such resistance. However, the precise molecular basis of such resistance remains unknown. We demonstrated herein that these multicellular ovarian cancer spheroids expressed high levels of p27 and P-gp protein. Compared with monolayer cells, there is a significant increase in the resistance of spheroids cells to anticancer reagent Taxol. Antisense oligodeoxynucleotide not only mediated downregulation of p27, but also P-gp expression in multicellular spheroids. Selective small interfering RNAs (siRNA) of P-gp with MDR1-targeted short hairpin RNAs (shRNA) expression vector sensitized the cells to Taxol. These results suggest that both p27 and P-gp can modulate Taxol sensitivity respectively, while p27 requires P-gp for its full function. Increased P-gp protein expression through p27 mediation is one of the major mechanisms of Taxol resistance in ovarian cancer multicellular spheroids.
Introduction
Although chemotherapy remains a major treatment modality for human ovarian cancer, chemoresistance is a clinical problem that severely limits treatment success. It is now widely accepted that development of P-gp-mediated drug resistance in tumors is a major barrier for the effectiveness of cancer therapy (1) . P-glycoprotein (P-gp) is a 150-180 kDa membrane phosphoglycoprotein encoded by the multidrug resistance (MDR1) gene, which functions as an energydependent drug transporter with broad specificity.
The regulation of P-gp expression has been widely investigated to better understand its pathophysiological implications. In particular, it has been shown that P-gp expression is regulated through transcriptional and posttranscriptional mechanisms and by various endogenous and environmental stimuli that evoke stress response (2) . Such intrinsic drug resistance can be recapitulated in vitro by growing tumor cells as multicellular spheroids (MCS) that exhibit many of the properties of solid tumors. In contrast to monolayer cell culture, multicellular spheroids display a reduced growth fraction and resistance to a wide variety of cytotoxic agents (3) (4) (5) . Numerous studies have shown that intrinsic drug resistance is expressed in the areas of quiescent cells in large prostate tumor spheroids, but not in small shperiods containing proliferating cells (1, 6) , indicating that the cell cycle arrest may induce P-gp expression. It has been shown that up-regulation of P-gp in G0/G1 phase cells requires coexpression of p27 but not p21 (5, 7) . p27 is a member of cyclin-dependent kinase inhibitors. By inhibiting a variety of cyclin-Cdk complexes, p27 regulates progression from G1 to S phase (8, 9) . p27 is up-regulated by cell-cell contact in normal cell culture (3, (10) (11) (12) . Our previous study demonstrated that multicellular ovarian cancer spheroids develop intrinsic multidrug resistance with the appearance of quiescent cell areas. p27 protein is a determinant of such resistance and that down-regulation of p27 sensitizes the cells to Taxol. Furthermore, p27 up-regulates the P-gp protein expression in multicellular ovarian cancer spheroids cells (13) . Collectively, these data suggest that p27-mediated chemoresistance may be caused in part by the up-regulation of P-gp protein.
To confirm this hypothesis, we studied P-gp expression in ovarian cancer cells cultured in a threedimensional context.
Targeted gene silencing in mammalian cells by RNA interference (RNAi) using small interfering RNAs (siRNAs) was described by Elbashir et al (14) . A number of groups have reported a solution based on transcription of short hairpin RNAs (shRNAs) by RNA polymerase III (pol III) (15, 16 In this study, we used MDR1-targeted shRNA transfection to knock-down the P-gp expression and tested whether the decreased sensitivity of the multicellular spheroid cells to Taxol was due to down-regulation of P-gp.
Materials and methods
Cell lines. The human ovarian cancer cell lines, A2780, CAOV3, SKOV3 and SW626 cells, were purchased from American Type Culture Collection (ATCC). The cells were grown according to the vendor's instructions. Briefly, cells were cultured in 150-mm culture bottles at 37˚C in an atmosphere of 5% CO 2 in RPMI-1640 (A2780), DMEM (CAOV3 and SW626), or McCoy's 5A (SKOV3) containing 15% FBS. Multi-cellular spheroids were prepared by a liquid overlay method as described previously (14) .
Reagents and antibodies. Trizol was purchased from Gibco LifeScience Co., CA, USA. Lipofectamine 2000 was obtained from Invitrogen, San Diego, CA, USA. Taxol were purchased from Bristol-Myers Squibb Co., Princeton, USA. Mouse monoclonal anti-human p27 and P-gp were purchased from Neomarkers Co., Frement, USA. The nucleotide sequences of antisense (ASON) and sense (SON) p27 were: 5'-CAT CTT CCC GGG TCT GCA CGA CCG CC-3' and 5'-CAG CAT CTG ACC TCG CCT TGG CTC TCG CC-3', respectively (17) . They were purchased from Shanghai Biotechnology Co. Ltd., Shanghai, China. Every base was modified by sulphur.
Plasmids. The shRNA linearized vector pSIREN carrying the human U6 shRNA promoters was purchased from Biosciences Clontech, Franklin, USA. The oligonucleotides encoding the human MDR1 shRNA and flanking with BamHI and EcoR1 ends were: 5'-GATCCCATTCGCTATGGC CGTGAATTCAAGAGATTCACGGCCATAGCGAAT GTTTTTTG-3' and 5'-GCTTTTCCAAAAAACATTCG CTATGGCCGTGAATCTCTTGAATTCACGGCCATA GCGACTTAA-3'. Searches of the human genome database (BLAST) were carried out to ensure the sequences would not target other gene transcripts. These oligonucleotides were annealed and cloned into pSIREN following its restriction with BamHI and EcoR1. In addition, the negative control annealed oligonucleotide (Biosciences Clontech) was also cloned into pSIREN, termed negative control vector.
Transfections. The oligo/Lipofectamine complex was diluted to 1X concentration and overlaid onto cells. After 12 h of incubation, cells were rinsed with phosphate-buffered saline (PBS), harvested with 0.25% trypsin, and suspended in complete medium containing 10% FBS for various assays.
For RNAi targeting, the A2780 and CAOV3 cells cultured in 6-well plates were transfected with indicated plasmids using Lipofectamine 2000. After 6 h of incubation, the transfection solution was removed with fresh complete growth medium. The cells were used for detection of the expression of siRNAs 48 h post-transfection.
Apoptotic analysis by flow cytometry. Cells were harvested with 0.25% trypsin and washed once with PBS. After centrifugation, cells were fixed in 80% ice-cold ethanol overnight at -20˚C. Cells were then incubated in 500 μl of the same buffer containing 50 μg/ml of propidium iodide (PI) and 1 mg/ ml of RNAase for 30 min. The analysis of apoptotic cells was performed on a FACScan flow cytometer, and the data were analyzed using cell Fit software.
Western blot analysis. All cell samples were lysed with icecold NP-40 lysing buffer (1% NP-40, 10% glycerol, 20 mM Tris-HCl at pH 7.5, 137 mM NaCl, 1 mM phenyimethyisulfonyl fluoride and 5 μg/ml of aprotinin). The soluble protein solutions were subjected to SDS-PAGE and transferred to a nitrocellulose membrane by electrophoresis in a semidry chamber, Biometra, Germany. P-gp and p-27 were identified by immunoblot analysis using anti-P-gp and anti-p27 antibody, respectively. Followed by incubation with HRP-conjugated secondary antibody at 1:5000 dilution for 1 h at 37˚C. Protein signals were detected by enhanced chemiluminesence (Pierce Rockford, USA).
RT-PCR.
Total RNA was isolated from each group of cells using Trizol Regent according the manufacturer's instructions. Total cellular RNA was used for reverse transcription of cDNA by a standard technique. Obtained cDNA were amplified using specific primers: 5'-TAC AGT GGA ATT GGT GCT GG-3' (sense) and 5'-CTA ATT GCT GCC AAG ACC TC-3' (antisense) that amplify a 433-bp fragment of MDR1 cDNA. The primers for glyceraldehyde-3-phosphate dehydrogenase (GAPDH, internal control) were 5'-ACG GAT TTG GTC GTA TTG GG-3' (sense) and 5'-TGA TTT TGG AGG GAT CTC GC-3' (antisense) that amplify a 230-bp fragment of GAPDH cDNA. After pre-denaturation at 94˚C for 5 min, PCR were performed for 30 cycles: 30 sec denaturation at 94˚C, followed by annealing for 1 min at 55˚C and finally extension for 1 min at 72˚C.
Confocal laser scanning microscopy. Briefly, the cells were incubated with P-gp monoclonal antibodies (1:100 dilution) at room temperature for 45 min followed by incubation with fluorescein-conjugated goat anti-mouse IgG at 37˚C for Figure 1 . Western blot analysis of p27 in a panel of human ovarian cancer cell lines. The expression levels of p27 in A2780, CAOV3, SKOV3, and SW626 ovarian cancer cells and their multicellular spheroids derived from a three-dimensional culture were analyzed by Western blot. When monolayer culture was replaced by three-dimensional culture, a constant up-regulation of p27 protein was observed in these cell lines. These results conform with the involvement of p27 in chemoresistance, as we previously reported.
30 min. The cells were stained with PI solution for 20 min and analyzed under confocal laser scanning microscopy with a 488 nm argon-ion laser (LSCM, Leica, TCSSP, Germany).
Statistical analysis.
All experiments were performed in triplicate. Student's t-test was used to evaluate the differences between two groups. SPSS 10.0 for Windows software analysis system was used for statistical analysis. Data are presented as mean ± SE (standard error).
Results
Increased chemoresistance in ovarian cancer multicellular spheroids due to high expression levels of p27. To firm the basis on which our subsequent studies were carried out and to confirm our previous report that p27 is implicated in Taxol resistance in ovarian cancer multicellular spheroids, the relative levels of p27 expression among different ovarian cancer cell lines and multicellular spheroids were compared by using Western blot analysis. Fig. 1A shows the expression levels of p27 in a panel of human ovarian cancer cell lines and their multicellular spheroids derived from a three-dimensional culture. When monolayer culture was replaced by threedimensional culture, a constant up-regulation of p27 protein was observed in these cell lines. These results confirm the involvement of p27 in chemoresistance, as previously reported by our laboratory (14) .
We used antisense oligonucleotide to affect p27 expression in these cells by using a p27-specific ASON, a 29-bp nucleotide sequence that is complementary to the 5'-untranslated region of the p27 mRNA. Consistent with previous observations, transfection of A2780 cells with 200 nM of p27-specific ASON caused 70-80% reduction of p27 expression. In contrast, treatment of these cells with the same concentration of SON resulted in a slight decrease in p27 expression (data not shown).
To evaluate the effect of p27 on drug resistance of the ovarian cancer cells, the sensitivity of A2780 cell and their multicellular spheroids to Taxol were analyzed by flow cytometry.
As shown in Fig. 2 , compared to A2780 and CAOV3 monolayer cells, the apoptotic rates of the spheroid cells treated with Taxol decreased significantly as defined by DNA histogram of flow cytometry. Furthermore, the apoptotic rates were significantly higher in the spheroid cells treated with p27-ASON, but not with p27-SON. The data suggested that p27 is a determinant of Taxol sensitivity in ovarian cancer spheroid cells, and the antisense p27 oligonucleotides sensitized these cells to Taxol. After transfection with the indicated DNA, the cells were plated into a three-dimensional culture for 3 days. Cells were then exposed to 20.0 μmol/l of Taxol for 24 h. Hypodiploid (apoptotic) DNA content was evaluated by propidium iodide staining and flow cytometry. Compared to A2780 and CAOV3 monolayer cells, Taxol treatment of the spheroid cells significantly decreased apoptosis rate as defined by flow cytometry of DNA histogram using flow cytometry. The apoptosis rate was significantly higher in the spheroid cells treated with p27-ASON, but not with p27-SON. The data showed that spheroid cells were resistant to Taxol, and the antisense p27 oligonucleotides sensitized these cells to Taxol. suggest that up-regulation of P-gp in G0/G1 phase cells requires coexpression of p27 but not p21 (5,7). We studied whether p27 expression level correlated with P-gp protein expression. Western blot analysis revealed that expression of P-gp protein was significantly decreased in aggregate cells treated with p27-ASON but not with p27-SON (Fig. 3A) . P-gp expression has been implicated as playing an important role in Taxol resistance (18) . In this study, we investigated whether P-gp protein expression correlated with Taxol resistance in multicellular spheroids cells. Western blot analysis revealed that P-gp protein was expressed in multicellular spheroids (MCS), but was lower in monolayer cells (Fig. 3A) .
These results suggest that increased P-gp protein expression by p27 is one of the major mechanisms underlying Taxol resistance in ovarian cancer multicellular spheroids, although other factors regulated by p27 might be involved in Taxol resistance.
High levels of P-gp is required for apoptotic resistance to
Taxol in ovarian cancer multicellular spheroids. To further determine the role of P-gp in mediating the resistance of ovarian cancer multicellular spheroids to Taxol, we constructed an MDR1 transient shRNA expression vector, termed MDR1-shRNA vector, and a negative control vector. Both were transfected into A2780 and CAOV3 cells, respectively. Efficiency of shRNA transfection was detected by using fluorescence microscopy after 48 h of transfection (Fig. 4) . The red fluorescence of luciferase illustrated the efficiency of the transfection.
To evaluate the silencing effects of MDR1-shRNA-vector quantitatively, the MDR1 expression was detected at both protein and mRNA level, by using Western blot analysis and RT-PCR, respectively ( Fig. 3B and C) . The subcellular distribution of P-gp in human ovrian cancer A2780 cells was illustrated by using Confocal laser scanning microscopy. As shown in Fig. 4D-F , subcellular compartmentalization of P-gp in ovarian cancer A2780 cell appeared frequently on the cell membrane. The intense membrane staining of P-gp was observed in multicellular spheroids (Fig. 4D) . A decreased membrane staining of P-gp was found in MDR1-shRNA negative-control-vector transfected cells. After a 48-h infection the cells were then plated into a three-dimensional culture for 3 days. The subcellular distribution of P-gp in human ovarian cancer T2780 cells was evaluated by immunocytochemistry using Confocal laser scanning microscopy as described in Materials and methods. The A2780 nuclei were stained as red by using PI (white-green arrows in D-F) and P-gp proteins were stained green (yellow arrows in D-F). Subcellular compartmentalization of P-gp in ovarian cancer A2780 cell is frequently observed in the cell membrane. Intense P-gp membrane staining was observed in multicellular spheroids (D). Decreased membrane staining of P-gp was found in MDR1-shRNA multicellular spheroid cells (E) but not in control-vector cells (F). (Fig. 4E) but not in control-vector cells (Fig. 4F) .
The results showed that the expression of P-gp was definitely suppressed, compared with that of control vectortransfected cells or non-transfected cells. Introducing the MDR1 shRNA resulted in the loss of P-gp protein in multicellular spheroids. While mRNA level of MDR1 showed the same changes as compared with that of protein level.
We then compared the sensitivity of the MDR1 shRNA vector-transfected A2780 and CAOV3 MCS cells (MDR1-shRNA-MCS) with that of the control vector-transfected MCS (control-vector-MCS) cells and non-transfected MCS cells to Taxol. As shown in Fig. 5 , compared with the results for the control vector transfected MCS cells and non-transfected MCS cells, the MDR1 shRNA MCS cells showed increased sensitivity to Taxol in both A2780 and CAOV3 cells. These data demonstrated that p27 requires P-gp for its full function. Increased P-gp protein expression is one of the major mechanisms underlying taxol resistance in multicellular spheroid cells.
Discussion
Ovarian epithelial cancer is the fifth leading cause of death among female cancers in China. Although chemotherapeutic agents, such as Taxol, are widely used for the treatment of ovarian cancer, chemoresistance remains a major therapeutic problem, and the molecular mechanisms leading to chemoresistance are still poorly understood.
Traditionally, the mechanisms of drug resistance have been identified and functionally characterized in unicellular models. Implicit in these unicellular models is the lack of consideration of host-tumor cell interactions that may participate in the emergency of the drug-resistant phenotype. We propose that the initial selection pressure for tumor growth and survival is represented by host-tumor cell interactions and that these same interactions may participate in modulating drug response and emergence of a stable drug resistance. The data of Hazlehurst et al (19) indicated the importance of the microenvironment in mediating the expression of a functional drug resistance phenotype. Thus, we suggest that in order to identify clinically relevant drug-resistant targets, new models must be developed for reconstitution of host-tumor cell interactions. In the present study, we used one such model, namely multicellular spheroids as a model to investigate the survival effects of cell adhesion. This model more closely resembles the architecture of a solid tumor in vivo.
We previously established that cells in compact spheroids with high expression of p27 have increased cells of G0/G1 phase, but reduced cells of S and G2/M phases. After exposure to Taxol, aggregate cells in S and G2/M phases tend to survive Taxol toxicity. In addition, we found that p27 was upregulated in parallel to the increased expression of P-gp in multicellular spheroids, which coincided with decreased tumor growth kinetics. We found that down-regulation of p27 by p27-ASON led to a clear increase in the proportion of A2780 and CAOV3 cells of S/G2 phase, reduced intercellular adhesion, and decreased expression of P-gp. All the above sensitized the ovarian cancer cells to the chemotherapeutic agent, Taxol. Therefore, sense p27 may be viewed as a drug resistance-associated protein. However, the precise relationships among p27, P-gp and drug resistance are worth further investigation.
In the present study, we found that cells in compact spheroids have a high expression of p27. In addition, p27 is up-regulated in parallel to the increased expression of P-gp in multicellular spheroids, which coincides with declined tumor growth kinetics. Our results suggest that increased P-gp protein expression by p27 is one of the major mechanisms underlying Taxol resistance in ovarian cancer multicellular spheroids, although other factors regulated by p27 might participate in Taxol resistance.
RNA interference (RNAi) is now established as a general method to silence gene expression in a variety of organisms (14, 20) . When introduced into cells, dsRNA will interfere with the expression of homologous genes, subsequently disrupting their normal function. This suppression is mediated by 19-23-nt siRNAs, which induce degradation of mRNA based on complementary base pairing. All of these shortcomings of siRNA will be solved by the cellular expression of shRNA from vectors. shRNAs are expressed from mammalian promoters on DNA vectors which are introduced to cells by transfection or infection and possess double-stranded stems ~19-23 nt in length that will serve as substrates for Dicer (21, 22) , and then effectively inhibit gene expression in a sequence-specific manner (23) . In this study, we constructed a vector encoding shRNA targeting human MDR1 gene expression. The results showed that in A2780 and CAOV3 cells our MDR1-shRNA vectors reduced the expression of human MDR1 both in mRNA and protein level, when compared with the negative control. We then compared the sensitivity of the cells to Taxol. When compared with the results of the control vector transfected MCS cells and nontransfected MCS cells, the MDR1 shRNA MCS cells showed increased sensitivity to Taxol.
In summary, our studies demonstrate that p27 and P-gp may play an important role in protecting human ovarian cancer cells aganist Taxol-mediated cytotoxicity in three-dimentional culture. The increased P-gp protein expression regulated by p27 is one of the major mechanisms underlying Taxol resistance in MCS cells.
